Abstract A solvent-water extraction method was proposed as an assessment tool to estimate the bioavailability of polycyclic aromatic hydrocarbons in coal-tar-contaminated soils. The approach taken was to measure the percent of polycyclic aromatic hydrocarbons extracted by a solvent-water mixture and comparing the results with the percent of polycyclic aromatic hydrocarbons degraded in a soil slurry reactor. Five soil samples from three former manufactured gas plant sites and a coal-tar disposal site which were operated between 1880 and 1947, and 1945 and 1950, respectively, in Iowa, USA were used in this study. Extraction experiments were conducted using acetone-water or ethanol-water mixtures with solvent volume fractions ranging from 1.0 to 0.4 (v/v). The percent of polycyclic aromatic hydrocarbons extracted from the various soils decreased as the volume fraction of the solvent in the solvent-water mixture was reduced. An acetone-water mixture of 0.6 was found to be appropriate in correlating the percent of polycyclic aromatic hydrocarbons degraded to the percent of polycyclic aromatic hydrocarbons extracted. For the first correlation, the percent extracted and the percent biodegraded were modified by using the molecular weights and log K ow of polycyclic aromatic hydrocarbons, respectively. For the second correlation, the equation relating the percent extracted and the percent biodegraded was modified using soil properties such as organic carbon content and percent of clay and silt. Although the experiments were conducted for a limited number of soils, the extraction method appeared to be a good starting point in estimating the bioavailability of polycyclic aromatic hydrocarbons in coal-tar-contaminated soils.
Introduction
From the mid-1800s to the early 1950s, manufactured gas or town gas produced by manufactured gas plants (MGPs) was the most common energy source in the USA and Europe for household heating, cooking, and lighting. One of the primary waste byproducts from the production of manufactured gas was coal-tar. Due to the lack of environmental regulatory oversight at that time, disposal of coal-tar near the manufacturing facilities and in landfills has contaminated valuable land and aquifers. With more than 5,000 former MGP sites in USA requiring some form of remediation (Hatheway 2011) , several treatment or remediation technologies have been developed in the last decade to address this problem. These technologies include solvent extraction, chemical oxidation, steam flushing, supercritical extraction, phytoremediation, and bioremediation (Gan et al. 2009 ). Of the different remediation technologies available, bioremediation is probably the most cost-effective technology but needs a substantially long time to treat the soils to an acceptable concentration (Haritash and Kaushik 2009; Ward et al. 2003; Zhang et al. 2012 ).
The primary constituents in coal-tar wastes from former MGP sites are polycyclic aromatic hydrocarbons (PAHs). High molecular weight (HMW) PAHs are defined as compounds containing four or more fused benzene rings. In general, HMW PAHs have very low aqueous solubilities, low vapor pressures, and high partition coefficients as compared to low molecular weight (LMW) PAHs (Olajire Abbas and Brack 2005) . Information on the biodegradation of PAHs is well documented in the literature (Haritash and Kaushik 2009; Loick et al. 2009 ). LMW PAHs containing two or three fused benzene rings are readily degraded under aerobic conditions in the presence of appropriate organisms (Silva et al. 2009 ) while HMW PAHs degrade slowly and, in some situations, may be completely recalcitrant (Juhasz and Naidu 2000) . Several researchers have indicated that PAHs are metabolized to ring fission products via dioxygenase-, monooxygenase-, or peroxidasecatalyzed reactions (Dean-Ross et al. 2002; Yousefi Kebria et al. 2009) . A summary of the enzymatic mechanisms used by microorganisms to metabolize and detoxify PAHs along with their degradation pathways may be found in the study by Johnsen et al. (2005) and Sutherland et al. (1995) .
A pressing issue with regard to the bioremediation of PAHs in soils is their availability for biodegradation. PAHs may be adsorbed and be bound to humic material in the soils, making them unavailable for microbial degradation (Wen et al. 2007 ). In addition, PAHs may reside in the micropores or nanopores of the soil particles that are smaller than 100 nm, making them unavailable to the smallest bacterium (Nam and Alexander 1998) . Several researchers have speculated that bioremediation of PAHs in soils may be visualized as a sequential process in which sorbed PAHs must desorb first into the aqueous phase before the PAHs become available to the microorganisms. Some researches have shown that the overall biodegradation rate of PAHs is controlled by desorption and diffusion of the PAHs through the intraparticles and not on the activity of the degrading microorganisms in the aqueous phase (Cornelissen et al. 1998 ). However, desorption of PAHs in soils cannot fully explain the lack of bioavailability of PAHs. For example, Zhang (1995) indicated that the in situ degradation rates of PAHs at a former MGP site were several times slower than the estimated degradation rates using mass transfer or desorption principles.
Information on the extent of PAHs ''bioavailability'' or the extent at which the PAHs will degrade within a time period is limited. Development of a simple tool that predicts rapidly the extent of PAHs degradation potential for a given soil or the concentration limit at which the soil may be cleaned within a reasonable time period will be highly useful (Kelsey et al. 1997; Loehr and Webster 1997) . Extraction techniques may be used to predict the extent of PAHs bioavailability for coal-tar-contaminated soils. Cornelissen et al. (1998) showed that the initial rapidly desorbing fraction of PAHs using a Tenax solid-phase extraction method could be used to roughly predict the extent of possible PAHs degradation in PAH-contaminated sediments and soils. Nakles and Harju (1998) reported that mild solvent extraction might predict the availability of PAHs to earthworms and plants. They used n-butanol, n-propanol, methanol, and ethyl acetate as extraction solvents to correlate the uptake of anthracene, pyrene, and fluoranthene by earthworms, barley, and wheat plants. Correlation coefficients as high as 0.86 were obtained for the various combinations of solvents used and the test organisms. Similarly, Kelsey et al. (1997) found that mild extraction with n-butanol predicted phenanthrene mineralization in PAH-contaminated soils. Cuypers et al. (1998) found that solvent extraction [1:1 (v/v) acetone-water mixture] of PAH-contaminated sediment fractions gave a qualitative indication of the availability of PAHs in the PAH-contaminated sediments, but they did not compare their extraction results with PAHs biodegradation studies. However, Bergknut et al. (2007) investigated the bioavailability of PAHs in soils to earthworms and found that various chemical extraction techniques such as solid-phase microextraction, solvent mixtures, and surfactants were unable to estimate the bioavailability of PAHs.
The objective of this study was to assess the feasibility of using miscible solvent to estimate the PAHs fraction in the coal-tar-contaminated soils that may be biologically available. Solvent-water mixtures of two water miscible solvents, acetone and ethanol, were used for the extraction of 16 US EPA priority PAHs from five coal-tar-contaminated soils. To determine the extent of PAHs biodegradation in the coal-tar-contaminated soils, soil slurry bioreactors were used. The percent of PAHs extracted by the solvent-water mixtures were then correlated with the percent of PAHs biodegraded in the soil slurry bioreactors. The experiments of this study were conducted in the Department of Civil, Construction, and Environmental Engineering of Iowa State University in the mid-2000s.
Materials and methods

Soil sampling and characteristics
Five soil samples collected from four different coal-tarcontaminated sites in Iowa, USA, were used for the experiments. Soil sample S1 was taken from a coal-tar disposal pit that operated between 1945 and 1950 while sample S2 was obtained from a land-farming remediation unit built next to the disposal site in 1998. Sample S2 was a mixture of heavily contaminated soils from the disposal pit and lightly contaminated surface soils at the site. Soil samples S3, S4, and S5 were collected from three former MGP sites operated between 1915 and 1937, 1915-1947, and 1880-1947, respectively. The five soils were collected using soil sampling spoons, placed in airtight aluminum containers and kept in a refrigerator at 4°C until use. Prior to the soil slurry and extraction studies, the soil sample was homogenized by sieving through a 2 mm opening mesh. PAHs concentrations of the soil samples were measured using an acetone extraction method and gas chromatography (GC) with a flame ionization detector (FID) as described in Lee et al. (1999) . All PAHs analyses were conducted in triplicates. In this method, 2 g of soil was placed with 5 mL of acetone in a 10 mL Teflon-lined screw cap glass tube. The contents in the tube were mixed for 24 h with a wrist action shaker (Model 75, Burrell Scientific, Pittsburgh, PA) at room temperature of 22 ± 2°C and were then centrifuged at 3,000 rpm for 40 min. Five lL aliquot of the supernatant was extracted with a syringe and injected into and analyzed with a gas chromatograph (GC) (Model HP5890 A, Hewlett-Packard, Palo Alto, CA) equipped with a HP-5 capillary column and a flame ionization detector (FID). The initial oven temperature was 50°C followed by a temperature ramp rate at 8°C/min to a final temperature of 302°C for 5 min. The injector temperature was set at 240°C, and the detector temperature was 320°C. The dry mass of the soil was determined by decanting the Benzo(a)anthracene 188 ± 3 5 2 ± 2 6 6 ± 4 6 7 ± 1 9 2 ± 1 Chrysene 202 ± 3 5 3 ± 4 6 6 ± 4 6 5 ± 2 9 2 ± 1
Total PAHs (mg/kg) 4,494 ± 129 884 ± 28 2,694 ± 188 1,500 ± 34 2,724 ± 10 LMW PAHs (mg/kg) supernatant and drying the soil in the tube in an oven at 105°C for 24 h. Each glass tube used was weighed before the soil, and acetone was added. PAHs concentrations in soil were reported on a dry weight basis. PAHs analytical standard solutions for calibration curves were purchased from Sigma-Aldrich (St. Louis, MO). Soil texture was determined based on soil particle distribution test and USDA modified soil texture triangle (Boulding and Ginn 2004) . Organic carbon contents in the soils were determined by the rapid dichromate oxidation method (Islam 2005) . Table 1 shows the physical-chemical properties and initial PAHs concentrations of the five soil samples.
Solvent extraction study
The solvent-water mixtures used were either acetonewater or ethanol-water. The volume fraction (v/v) of the solvents used in the solvent-water mixtures were 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9. For ethanol-water mixture experiments, an extraction was conducted with 100 % ethanol. Deionized water was used for all dilutions. For the extraction experiments, two grams of soil sample were extracted with 5 mL of solvent-water mixture in a 10 mL glass tube with Teflon-lined screw cap. The analysis of PAHs in the supernatant of soil samples with the GC-FID was similar to that as described earlier.
Soil slurry biodegradation studies
Soil slurry biodegradation studies were conducted in a batch mode in a 1-L glass reactor under aerobic conditions. The constant contact of the soil with water coupled with the mixing in soil slurry reactors generally provided an environment that maximizes availability of PAHs. Therefore, the amount of PAHs remaining after reaching steady-state conditions would generally reflect the amount of PAHs that were not available. Approximately 150 g (dry weight basis) of contaminated soil was loaded into the reactor along with 750 mL of distilled water. Each reactor was seeded with 20 mL of supernatant from a 2-L mother reactor, which was aerated and fed every 3-4 weeks with about 300 g of PAHs-contaminated soils for several months to maintain a viable microbial community. No external microorganisms were added to the mother reactor, but instead the soil indigenous microorganisms were cultivated. In the operation of the mother reactor, the soil slurry bioreactors were supplemented with ammonium nitrate as a nitrogen source and KH 2 PO 4 as a phosphate source. The amounts of nutrient added were based on a C:N:P ratio of 100:10:2 where the carbon fraction was assumed to be the total carbon content of the 16 PAHs present in the soil.
Each reactor was mixed with a mixer (Model PM6015, EMI Incorporated, Clinton, CT) and aerated using an air stone diffuser at an airflow rate of 200 mL/min. The dissolved oxygen concentration was maintained at above 3.0 mg/L, and the pH of the slurry was kept between 6.5 and 8. Slurry samples were taken at various time periods, and the concentration of each PAHs in the soil was measured according to the method described by Pinelli et al. (1997) and Lee et al. (1999) . A 10 mL slurry sample was placed in a 10-mL glass tube and centrifuged at 3,000 rpm for 30 min. The supernatant was discarded. Preliminary tests have shown that the supernatant contained negligible amount of PAHs. Five mL of pure acetone was then added to the soil residue, and the tube was shaken for 24 h. The suspension was centrifuged at 3,000 rpm for 30 min, and 5 L of the supernatant was analyzed by GC-FID using similar GC conditions as described earlier. The dry weight of soil was then determined by drying the soil sample at 105°C for 24 h.
Results and discussion
Solvent-water extraction experiments
The percent of LMW and HMW PAHs extracted for the five soils with different acetone-water and ethanol-water mixtures are presented in Fig. 1a , b, respectively. The trends seen in Fig. 1 are reflective of the individual PAHs within its broad grouping of LMW and HMW PAHs. Lee et al. (1999) have shown that pure acetone is an effective solvent for the extraction and measurement of the PAHs present in the soil. As such, the PAHs extracted using both solvent and water mixtures in Fig. 1 are expressed as a percentage of the PAHs extracted using 100 % acetone.
Except for sample S1, the percent of LMW and HMW PAHs extracted were all greater than 90 % for acetonewater mixtures of 0.8 or more. A possible reason for the lower percent of LMW PAHs extracted for sample S1 may be the higher organic carbon content of S1, i.e., 4 %, in comparison with the other four soils. Nam and Alexander (1998) have found that soil properties have an impact on the amount extracted as PAHs may be tightly bound to the organic matter of the soil or located in the micropores and nanopores of clay and silts. As seen in Fig. 1 , the percent extracted declined precipitously when an acetone-water mixture of 0.7 or less was used. About 6-26 % of the PAHs were extracted with an acetonewater mixture of 0.4.
As expected, PAHs extracted by the ethanol-water mixtures were all less than that of the acetone-water mixtures for all five soils. In comparison with 100 % acetone, the average percent of HMW PAHs extracted with pure ethanol were 73, 79, 79, 79, and 70 % for samples S1, S2, S3, S4, and S5, respectively. Pure ethanol extracted similar amounts of LMW PAHs as pure acetone except for sample S4 where a higher percentage of LMW PAHs were extracted. For an ethanol-water mixture of 0.7, the percent of HMW PAHs extracted were 38, 56, 63, 55, and 39 % for sample S1, S2, S3, S4, and S5, respectively, while the percent of LMW PAHs extracted were 60, 90, 92, 88, and 79 % for the same soils using an acetone-water mixture of 0.7. As in the acetone-water mixture experiments, the percents of LMW and HMW PAHs extracted from sample S1 by ethanol-water mixture were lower than that of the other four soils and a lower volume fraction of ethanol in the ethanol-water mixture resulted in a precipitous decline in the percent of PAHs extracted.
The above results showed that the pattern of decreasing extractability of PAHs with a lower solvent-water fraction may be used to estimate the extent of PAHs availability for biodegradation in soils. As seen in Fig. 1 , the LMW PAHs were more easily extracted than the HMW PAHs for different solvent-water mixtures for the same soil. Similar results were obtained by Cuypers et al. (1998) with an acetone-water mixture of 0.5 where LMW PAHs were easily extracted but not for HMW PAHs such as 5-ring PAHs. Based on this observation, it is probable that the lower extraction potential of HMW PAHs as compared to LMW PAHs may be similar, to a certain extent, to the biodegradation potential of PAHs in the soil where LMW PAHs are more easily degraded than HMW PAHs (Froehner et al. 2012; Juhasz and Naidu 2000; Lu et al. 2012 ). Figure 2 presents the biodegradation results of 16 PAHs for sample S4 using the soil slurry reactor. Biodegradation of PAHs for the other four soil samples followed a similar degradation pattern (data not shown). After 35 days of operating the soil slurry bioreactor, the concentrations of PAHs in the five soils reached steady-state concentrations except for one or two PAHs such as benzo(k)fluoranthene in sample S3. A large fraction of the 2-and 3-ring PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, and anthracene) degraded within 14 days, while the 4-ring PAHs (fluoranthene, pyrene, benzo(a)anthracene, and chrysene) only started to degrade after most of the 2-and 3-ring PAHs were removed. LPAH3  LPAH4  LPAH5  LPAH6  LPAH7  LPAH8  HPAH1  HPAH2  HPAH3  HPAH4  HPAH5 HPAH6 HPAH7 HPAH8 Fig. 2 Biodegradation of PAHs for sample S4 in soil slurry reactor Int. J. Environ. Sci. Technol. (2014 ) 11:1999 -2008 2003 cd)pyrene, dibenzo(a,h)anthracene, and benzo(g,h,i)perylene were degraded slowly with less than 20 % degraded after 35 days. For all soil samples, a residual amount of PAHs remained after 35 days and these were generally 4-, 5-and 6-ring PAHs. Some exceptions and trends for other soils not illustrated in Fig. 2 will be discussed (data not shown) . Of the five soils tested, degradation of 2-and 3-ring PAHs was the fastest for sample S2, which may be related to its initial concentrations (Loehr and Webster 1997; Nnamchi et al. 2006) . Naphthalene was completely removed from sample S3 within 4 days, but for samples S1 and S2, naphthalene continued to persist even up to 28 days. In the case of sample S4, low concentrations of naphthalene (6 mg/kg) remained even after 35 days. Besides naphthalene, other PAHs compounds that were completely removed were fluorene and acenaphthene. Benzo(k)fluoranthene was the only 5-and 6-ring PAHs that was degraded significantly (about 50 %) in sample S2 within the 35-day study, while for all other soils, approximately 20 % were degraded. The residual amounts of 2-and 4-ring PAHs remaining in the soil after 35 days clearly point toward the slowly desorbing or unavailable fraction present in the soil. For the 5-and 6-ring PAHs, the slow degradation observed may be due to their low solubility or being tightly bound to the soils and/ or the lack or absence of microbial activity essential for their degradation (Sutherland et al. 1995) . Figure 3 shows the degradation of the total PAHs for the five soil samples. There was a lag phase for both samples S1 and S4. Degradation of PAHs in sample S3 appeared to be the fastest of the five soils tested. For all soil samples, the total PAHs reached steady-state concentrations with a residual amount of PAHs (between 150 and 300 mg/kg) remaining after 35 days. These PAHs were generally 4-, 5-, and 6-rings PAHs. To correlate the biodegradation of the PAHs for the five soils with the percent extracted using different solvent-water mixtures, the extent of PAHs degraded (expressed as a percent degraded) after 35 days was determined for the 16 PAHs and presented in Table 2 .
Extent of PAHs biodegradation in different soils
Correlation between percent extracted and percent biodegraded
The percent of PAHs degraded reflect the amount of the individual PAHs in the soil that are available, which will be eventually degraded. For the five soils, there was a positive trend between the percent of PAHs degraded and the percent of PAHs extracted for different solvent-water mixture fractions as illustrated by the coefficients of determination (R 2 ) in Table 3 . The R 2 values provide an indirect measure of the strength of the correlation between the percent of PAHs biodegraded in the soil after 35 days and the percent of PAHs extracted. Table 3 shows that the R 2 values (0.74-0.88) for an acetone-water mixture of 0.6 for all soil samples were equal or higher than the other solvent-water mixtures. For an acetone-water fraction of 0.9, the correlations were not strong (\0.4) for all soils as acetone extracted the majority of the PAHs in the soil including HMW PAHs, which were only marginally biodegraded in the soil slurry bioreactors. Ethanol is a mild extractant with the best correlations (between 0.73 and 0.89) for an ethanol-water mixture fraction of 0.8 but was found to extract less PAHs than the acetone-water mixture. For ethanol- water fraction \0.6, the correlations for percent extracted to percent biodegraded were all \0.7. Based on the correlation results in Table 3 , an acetone-water mixture of 0.6 may be appropriate to capture the necessary differences in individual PAHs extractability to delineate the extent of PAHs availability for the prediction of PAHs degradation in a PAHs-contaminated soil. This approach, however, seemed to be rather simplistic and must be further expanded since the extent of PAHs degradation for a given soil is also very much dependent on the PAHs properties, soil type and properties, and the aging process. Figure 4 presents a plot of the percent of PAHs extracted and the percent of PAHs degraded for all 16 PAHs using an acetone-water fraction of 0.6. If an ideal bioavailability test method is available, the percent biodegraded and the percent extracted would be plotted with a slope of one and an intercept of zero. This ideal line assumes that any available (or extracted) PAHs will be degraded and that the ideal test method measures the available PAHs. As seen in Fig. 4 , the slopes of the correlations for each soil were larger than one. This result means that the acetone-water mixture of 0.6 extracted less of the more biodegradable PAHs (usually the LMW PAHs) but extracted more of the less biodegradable PAHs (usually the HMW PAHs). The negative values of intercepts showed that the percent degraded for HMW PAHs were much lower than the percent extracted. Therefore, adjustments must be made on the results of the extraction test to account for the properties of the soil samples and the PAHs, and the aging process.
The following two approaches were taken to provide a more generalized approach that includes the properties of the soils and the PAHs. In the first approach, the percent biodegraded and the percent extracted were modified by various dimensionless ratios. The ratios used were as follows:
where MW naphthalene is the molecular weight of naphthalene; MW PAH is the molecular weight of the particular PAHs; K ow, naphthalene is the octanol-water partition coefficient of naphthalene; and K ow, PAHs is the octanol-water partition coefficient of the particular PAHs. Molecular weights and log K ow were used as they are generally related to the solubility of the PAHs in water, as well as the log K oc , which reflects the extent of PAHs adsorption to soils (Schwarzenbach et al. 2002) . Attempts were made to modify the percent degraded and the percent extracted with the above ratios. Of all the attempts, the best correlation obtained was with the percent biodegraded modified by the square of R MW and the percent extracted modified by the square of R K ow . This is plotted as shown in Fig. 5 . The correlation coefficient for this plot was 0.94. Note that most of the soils fall within the slope of one and within the 85 % prediction interval of the regression line.
In the second approach, the slopes and the intercepts of the regressions as shown in Fig. 4 were correlated with the various soil fractions. In this approach, only four soil samples were used while sample S5 was used as the test soil for the correlation since sample S5 was received about 4 months after the other four soils were tested. As indicated above, an ideal bioavailability test method would give a slope of one and an intercept of zero for a plot of percent biodegraded versus the percent extracted. Table 4 shows that the organic carbon contents of soil samples correlated well with the slopes (R 2 = 0.866). Furthermore, as seen in Table 4 , the slopes of the linear regression increased with the organic carbon content of the soil samples. This means that for a given PAHs in a soil with high organic carbon content, less was extracted by the acetone-water mixture than what was actually degraded in a soil slurry reactor.
The relationship between the organic carbon content and the slope is given by: Slope ¼ 0:387 Â OC ð%Þ þ 0:476: ð1Þ On the other hand, the intercepts were also regressed against the different soil fractions. The percent clay plus silt fractions were found to correlate well with the intercepts with R 2 of 0.963 as presented in Table 4 . Even though the R 2 for the correlation of percent sand and the intercepts was the same for the correlation of percent clay plus silt and the intercepts, the percent sand correlation was not selected as it is known that clay and silt have higher surface area that would control the mass of PAHs sorbed. The correlation shows that with more clay and silt present, the percent biodegraded for a given PAHs would be lower for a given percent extraction. The relationship between the clay plus silt fraction and the intercept is given by:
Intercept ¼ À4:419 ðclay þ siltÞð%Þ þ 162:65: ð2Þ Using the above two relationships, the following equation relating the percent biodegraded and the percent extracted using acetone-water mixture of 0.6 was obtained: 
Since the acetone-water extraction method is not an ideal bioavailability test method, the term containing the percent organic carbon modifies the slope of Eq. 3 to a value of approximately one. This may be viewed as the organic carbon in the soils impacting the extraction of LMW PAHs more than the degradation of LMW PAHs that were sorbed onto the organic carbon. The second term with the percent clay and silt modifies the intercept of Eq. 3 to a value of approximately zero. This can be viewed as HMW PAHs, which were associated with the clay and silt, were probably more easily extracted than biodegraded.
Equation 3 was tested against sample S5 to evaluate the appropriateness of the equation for the estimation of the percent of PAHs degraded. As presented in Table 5 , the estimated percent of each PAHs degraded varied from about 1-24 % of the actual measured percent biodegraded. The equation overestimated the percent biodegraded for LMW PAHs such as naphthalene, acenaphthylene, acenaphthene, anthracene, and fluorene. Although the overall estimation of percent PAHs biodegraded was higher than the experimental results in this case, most of the differences between the estimation and experiment were less than 13 %.
In comparison with other methods, Cuypers et al. (2002) used hydroxypropyl-b-cyclodextrin (HPCD) and Triton X-00 as extractants and found that HPCD extraction of 3-and 4-rings PAHs from a harbor sediment with about 2,000 mg/L of PAHs was similar to that of a biodegradation test. However, the HPCD extraction method over predicted the biodegradation of 5-rings PAHs. The proposed mild solvent extraction method (using an acetonewater mixture fraction of 0.6) similarly over predicted the bioavailability of HMW PAHs. The above experimental results showed that the mild solvent extraction method may be used as an assessment tool to estimate the extent of PAHs degradation in soils and therefore indirectly the PAHs bioavailability. Although the number of soils tested was small, this assessment tool is a first step toward developing a method that estimates the availability of PAHs in coal-tar-contaminated soils. This tool may be used to estimate the feasibility of a bioremediation technology in treating a given soil to regulatory clean-up levels. In addition, it is possible that this extraction method can be extended to sediments and other organic contaminants by finding the appropriate acetonewater mixture needed.
Conclusion
A solvent-water extraction method was proposed and tested as an assessment tool to estimate the percent of PAHs in soils that may be available for biodegradation. The percent of PAHs extracted using an acetone-water mixture of 0.6 for five different soils were found to correlate with the percent of PAHs degraded using soil slurry reactors. Two correlations relating the percent PAHs degraded, percent PAHs extracted using 0.6 acetone-water mixture, soil and PAHs properties were developed. For the first correlation, the percent extracted and the percent biodegraded were modified with the ratio of the PAHs molecular weights and the ratios of log K ow , respectively. The second correlation modifies the equation for the percent extracted and the percent biodegraded with soil properties such as organic carbon and percent of clay and silt. The correlation was found to predict well the biodegradation potential for the test soil with errors ranging from 1 to 24 % depending on the PAHs. The mild solvent extraction method appeared to be a simple and quick assessment tool that can be used for the estimation of the extent of PAHs degradation and their bioavailability in coal-tar-contaminated soils. 
